Porcine small intestinal submucosa (SIS) was shown to be an effective bioscaffold in enhancing the mechanical properties of healing medial collateral ligaments (MCL). The purpose of this study was to investigate whether there are corresponding improvements in morphology and tissue compositions. Fourteen rabbits were equally divided into two groups. In the SIS-treated group, a 6 mm gap was surgically created in the right MCL and a layer of SIS was sutured covering the gap. For the nontreated group, the gap-injured MCLs remained untreated. All the left MCLs were sham operated and used as controls. At 12 weeks, the status of collagen types I and V was evaluated with immunofluorescent staining. The collagen type V/I ratios were obtained using SDS-PAGE. Collagen fibril diameters were calculated from the transmission electron micrographs. The results revealed that in the SIS-treated group, the collagen fibers were more regularly aligned as were the cell nuclei. The collagen fibril diameters were 22.2% larger and the ratio of collagen type V/I was 28.4% lower than those for the nontreated group (p Ͻ 0.05). These improvements in the morphological characteristics and biochemical constituents of healing MCLs following SIS treatment are the likely reasons for improved mechanical properties.
INTRODUCTION T
HE MEDIAL COLLATERAL LIGAMENT (MCL) of the knee is frequently injured in sports -and work-related activities. Recent basic science and clinical studies have shown that the MCL can heal with functional management. [1] [2] [3] [4] [5] However, the healed tissue has been shown to be mechanically, histologically, and biochemically inferior to the normal MCL and remains so for a period of up to two years. [6] [7] [8] [9] [10] The inability of the healed MCL to regain its properties to preinjury levels is not well understood. As a result, numerous attempts, including a variety of tissue engineering techniques, have been tried to improve the healing response. 5, [11] [12] [13] [14] [15] In our research center, a novel functional tissue engineering approach utilizing the biological scaffold small intestinal submucosa (SIS) has been used. Literature has suggested that this bioscaffold can promote cell migration into the healing site to enhance revascularization and repair, resist infection and does not arouse the rejection immune response that is typical with allograft transplantation. [15] [16] [17] [18] [19] When a single layer of SIS was applied to a 6 mm gap injury in the rabbit MCL for 12 weeks, the structural properties of the femur-healing MCL-tibia complex and, more importantly, the mechanical properties of the healing MCL were significantly improved. 15 The question that remained was whether there are corresponding improvements in the morphological characteristics and biochemical constituents in the healing ligament substance.
Large differences in collagen fibril diameter and di-ameter distribution have been noted between the normal and healing ligaments in concert with differences in their mechanical properties. 20, 21 While normal ligaments and tendons have a bimodal distribution of large and small collagen fibril diameters, the healing MCL has a homogeneous distribution of small collagen fibril diameters, 8 , 22 and therefore inferior mechanical properties. Concomitantly, the collagen type V level in the healing MCL was found to remain elevated for up to one year postinjury. 10 Literature has suggested that collagen type V regulates the collagen fibril diameters and collagen organization. 23 Therefore, a lower level of collagen type V could result in the growth of the neocollagen fibrils and the enhancement of the mechanical properties of the healing tissue. As SIS treatment was previously shown to improve the mechanical properties of the healing MCL, the hypothesis in this study is that the application of SIS would improve collagen fiber alignment and concomitantly reduce the production of collagen type V, which in turn would increase the fibril diameters of the healing ligament. Thus, the objective of this study was to evaluate the effect of SIS treatment on the morphological characteristics and biochemical properties of the healing MCL, specifically, the collagen fiber alignment, the collagen fibril diameter distributions, and the ratio of collagen V/I. To do this, the histology of the ligament, the transmission electron microscopic images of collagen fibril diameter, and the electrophoresis protein bands of collagen types V and I were examined and analyzed.
MATERIALS AND METHODS

Animal model
Fourteen skeletally mature female New Zealand white rabbits (body weight: 5.6 Ϯ 0.5 kg at sacrifice; age: 1 y Ϯ 2 mo) were used (Myrtle Rabbitries, Thompson Station, TN) for this study. Surgery and maintenance of the animals followed the established study protocol approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
Under general anesthesia, the MCL was exposed through an anteromedial incision using aseptic techniques. A 6 mm gap injury, centered at the joint line, was surgically created in the MCL in the right hind limb of all the rabbits using a scalpel with a No. 15 blade. This model was chosen such that a reproducible and consistent injury to the midsubstance could be obtained without damaging the insertion sites during surgery. The MCLs in the left hind limb were exposed and undermined between the MCL and medial meniscus but not injured, serving as a sham-operated control. In seven animals (the SIS-treated group), single strips of SIS (ϳ11 ϫ ϳ5 ϫ 0.2 WOO ET AL. mm; Cook Biotech, Bloomington, IN) were secured on top of the gap (luminal side of SIS faced down) with nonabsorbable 6-0 black silk suture (Ethicon, Somerville, NJ) at each of the four corners of the gap. For the remaining seven animals (the nontreated group), the gap injury remained untreated. The nonabsorbable suture marker was placed at each of the four corners of the free ends of the cut ligament. The cut ligament ends were aligned anatomically, the wound was then irrigated, and the fascia and skin were closed in all specimens. Postoperatively, all animals were allowed unrestricted activity in cages and were weighed at regular intervals thereafter as a general indication of health.
At 12 weeks after surgery, all animals were euthanized with an overdose of sodium pentobarbital (Euthanyl, MTC Pharmaceutical, Cambridge, Ontario, Canada). Three rabbits in each group were used for histological evaluation of collagen fiber alignment and collagen type I and V distribution and for transmission electron microscopy (TEM) to assess the collagen fibril diameter while the other four rabbits in each group were used for collagen analysis to obtain the ratio of collagen V/I. For histological evaluation and TEM, the MCL was equally divided by a coronal incision. The anterior half of the ligament was excised and used for histology study while a sample of 1 ϫ 1 ϫ 3 mm was cut from the center of the posterior part for TEM.
Immunofluorescent staining of collagen types I and V and Masson Trichrome staining
To examine the distribution of collagen types I and V, frozen sections (6 m thick) of ligaments were fixed in 100% cold acetone and blocked in 1% bovine serum albumin to reduce the nonspecific binding sites for 1 h at room temperature. The sections were then incubated with the primary antibody against collagen type V at 1:100 (murine monoclonal antibody, Chemicon International, Temecula, CA) overnight in 4°C, after which the Cy3-conjugated secondary antibody at 1:400 (goat antimouse, Jackson ImmunoResearch Laboratories, West Grove, PA) was applied for 1 h at room temperature. For staining collagen type I, the sections were blocked again in 1% normal horse serum for 1 h at room temperature, incubated with primary antibody against collagen type I at 1:2000 (mouse monoclonal antibody, Sigma, St. Louis, MO) for 3 h in room temperature, and then incubated with biotinylated secondary antibody at 1:400 (horse antimouse, Vector Laboratories, Burlingame, CA) for 1 h at room temperature. The fluorescent dye Fluorescein avidin D at 1:200 (Vector Laboratories, Burlingame, CA) was then applied for 30 min at room temperature. Finally, the sections were counterstained with 5 M Hoechst 33342, mounted with Vectashield mounting media (Vector Laboratories, Burlingame, CA), and observed under fluores-cence microscope (Eclipse TE200, Nikon, Melville, New York). Normal rabbit cornea was stained as the positive control of collagen type V. Normal ligament was stained as the positive control of collagen type I, and fibroblast nuclei in culture were stained as the positive control of fibroblast nuclei in tissue. All the negative controls were also observed and photographed at set time exposures. Hematoxylin and eosin (H&E) staining and Masson Trichrome staining were done according to standard procedures to examine the general appearance of the collagen fibers and nuclei. 15 
Transmission electron microscopy
Tissue specimens were fixed for at least 1 h in Karnovsky's fixative. The tissue was washed with 3 changes of 0.1M sodium cacodylate buffer pH 7.4 and postfixed for 1 h in a solution containing 1% OsO 4 buffered with 0.1M sodium cacodylate (pH 7.4). The specimens were washed in 3 changes of dH 2 O and dehydrated in EtOH (50%, 70%, 80%, 90%, and 3 changes of 100%). Propylene oxide was used as a transitional solvent. The tissue was infiltrated overnight in a 1:2 mixture of EponAraldite embedding resin (Electron Microscopy Sciences, Fort Washington, PA) and propylene oxide (PO) for 24 h, followed by a 1:1 mixture of resin and PO for 24 h, and finally a 2:1 mixture of resin and PO. The following day the 2:1 mixture was removed and replaced with 100% Epon-Araldite. The specimens were infiltrated for an additional 8 h, placed in flat embedding molds, and polymerized for 48 h at 60°C. The embedded specimens were thin sectioned (0.1 m) using a Reichert-Jung Ultracut E (Leica Microsystems AG, Wetzlar, Germany) and a DDK diamond knife (Delaware Diamond Knives, Wilmington, DE). Thin sections were stained with 1% uranyl acetate and Reynolds lead citrate. The sections were viewed on a Hitachi H-7100 TEM (Hitachi High Technologies America, Pleasanton, CA) operating at 50 kV. Digital images were obtained using an AMT Advantage 10 CCD Camera System (Advanced Microscopy Techniques, Danvers, MA) and NIH Image software. NIH image capture software was used in conjunction with a TEM to take images with the various MCL cross-sections at a magnification of ϫ 70,000. Images with artifacts, regions subject to oblique cutting, and pericellular regions were not used for analysis. 24 Simple PCI analysis computer software (Compix, Cranberry Township, PA) was used to measure minimum diameters of the collagen fibrils in each image. Before analysis was performed on the images, a 21,574 lines/cm calibration grid image at a magnification of ϫ 70,000 was utilized in conjunction with the program's calibration function to convert all measurements from pixels to nanometers. For each sample, the transmission electron micrograph contained at least 1000 transversely cut fibrils (nontreated group: n ϭ 3678; SIS-treated group: n n ϭ 3676; sham-operated group: n ϭ 6267).
Collagen typing using sodium-dodecyl sulfate polyacrylamide gel electrophoresis
For the remaining four rabbits in each group, collagen was extracted and separated with sodium-dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 10 Briefly, the MCLs were harvested at the injury site and washed in saline containing protease inhibitors (Sigma). The tissue samples were then washed in dH 2 O, minced, and dried. Approximately 2-3 mg of the dried ligament tissue was soaked in 1 mL of cold 0.5 M acetic acid for 24 h at 4°C. Pepsin (5 mg/mL) was then added to the softened tissue at 1:30 by weight (enzyme-tissue) and stirred at 4°C for 24 h, after which the pepsin concentration was raised to 1:10 and tissue digestion with pepsin continued, with stirring, for another 24 h at 4°C. Pepsin WOO ET AL. digests were clarified by centrifugation in a microfuge at 13,200 rpm for 10 min. The supernatants were then removed. 1 mL of 0.5 M acetic acid was again added to the pellets, stirred for another 24 h at 4°C, and then centrifuged. The first and second supernatants were combined and neutralized with 0.5 M NH 4 HCO 3 . Aliquots of the samples were dried and isolated in 6% gels by SDS-PAGE. Quantification of collagen bands was performed by densitometric scanning of protein bands corresponding to ␣1(I) and ␣1(V) chains on a Bio-Rad imaging densitometer (Bio-Rad Laboratories, Hercules, CA). To determine the relative collagen type ratios, the area under the peak of ␣1(V) was divided by the area under the peak of ␣1(I) of the same sample. The relative percentage was obtained by multiplying the ratio by 100.
Statistical analysis
Kolmolgorov-Smirnov test was used to compare the distributions of collagen fibril diameters between the groups. One-factor analysis-of-variance method (ANOVA) and Bonferroni multiple comparison tests were used to compare the mean value of collagen fibril diameter and collagen type V/I ratio between nontreated, SIS-treated, and sham-operated groups. All values of p Ͻ 0.05 were accepted as statistically significant. Statistical analysis was done using SPSS statistical software (version 12.0, SPSS, Chicago, IL).
RESULTS
At 12 weeks, all gaps in the MCLs healed without signs of inflammation under gross inspection. The knee had neither noticeable osteophyte formation nor damage to the articular surface. The healing tissue could be distinctly identified from the original ligament. Those with SIS treatment appeared more opaque and normal than did the nontreated group. The SIS was absorbed and could not be discerned. The sham-operated MCLs were shiny, white, and opaque and had a similar appearance to those of the normal MCLs.
H&E and Masson Trichrome staining showed that the fibers in the SIS group (Fig. 1A) were more regularly aligned than those in the nontreated group (Fig. 1B) . The fibers were more densely stained and more oriented along the long axis of the ligaments. For immunofluorescence staining of collagen type I, it was also found that the collagen in the SIS-treated group showed alignment along the longitudinal axis of the ligament similar to the shamoperated MCL, while those for the nontreated group had a different appearance (Fig. 2) . On all of the samples, the immunofluoresence staining of collagen type V demonstrated that distribution of type V collagen was mostly around the cells. The SIS-treated MCLs showed less collagen type V staining than the nontreated group (Fig. 3) .
Furthermore, it could be seen that the cell nuclei of the SIS-treated group were more spindle-shaped and oriented more parallel to the longitudinal axis of the ligaments, appearing similar to the sham-operated group (Fig. 3) . It was not the case for the nontreated MCLs, where the nuclei were more disorganized and round shaped.
A typical TEM photograph of MCLs from the shamoperated group is shown in Figure 4A . Morphologically, it can be seen that the collagen fibrils have a bimodal distribution as the fibrils had both large and small diameters. Both the SIS-treated and nontreated groups had uniformly small collagen fibril diameters, but the diameters appeared larger for the SIS-treated group (Fig. 4B and C) . Interestingly, for those fibrils near the pericellular regions, larger collagen fibril diameters about 80-100 nm could be found around fibroblasts (Fig. 5A ) where none could be found around the fibroblasts in the nontreated MCLs (Fig. 5B) . Quantitative analyses of the distributions of di-BIOSCAFFOLD ENHANCES HEALING OF MCL IN RABBITS ameters of the collagen fibrils for all three groups are shown in Figure 6 . It can be seen that the nontreated and the SIS-treated groups were both unimodal, with the peak of the SIS-treated group slightly shifted to the right. They were different from the bimodal distribution in the shamoperated group (p Ͻ 0.05). Nevertheless, the average fibril diameter in the SIS-treated group (58.4 Ϯ 4.9 nm) was 22.2% higher than that in the nontreated group (47.8 Ϯ 1.0 nm, p Ͻ 0.05) while both were smaller than that in the sham-operated group (105.8 Ϯ 67.7 nm).
SDS-PAGE revealed that there were prominent protein bands corresponding to ␣1(I) and ␣1(V) chains evident in the sham-operated, nontreated, and SIS-treated MCLs (Fig.  7) . Densitometric analyses of the areas under the peaks for ␣1(V) and ␣1(I) demonstrated that the ratio of the amount of collagen type V/I was about 13.3 Ϯ 2.4%, 14.6 Ϯ 3.2%, and 20.4 Ϯ 3.5% for the sham-operated, SIS-treated, and nontreated MCLs, respectively. In other words, the colla- gen type V/I ratio for the SIS-treated group was 28.4% lower than the nontreated group (p Ͻ 0.05) but was not significantly different from the sham-operated group based on the sample size utilized in the study (p Ͼ 0.05). A post-hoc power analysis revealed that more than 75 samples would be needed to detect a difference between the means for the SIS-treated and sham-operated groups.
DISCUSSION
In this study, it was found that the use of SIS for a 6 mm gap injury of the rabbit MCL could result in an improvement in the histomorphological characteristics and biochemical properties of the ligaments. After 12 weeks, the orientation of the cells and extracellular matrix in the SIS-treated group were much more organized along the longitudinal direction of the healing ligament, with a concomitant 22.2% increase in the collagen fibril diameters over the nontreated group. Also, there was a reduction in collagen type V signals in the immunofluorescent staining, together with a reduction of 28.4% in the ratio of collagen type V/I. The results support our hypothesis that a SIS bioscaffold can reduce the level of the collagen type V production, which results in an increase in the collagen fibril diameter and the corresponding improvement in the mechanical properties of the SIS-treated MCLs. 15 Similar to the results of previous literature, 20,22 the distribution of collagen fibril diameters in the sham-operated group in this study was bimodal. Comparatively, the distributions of collagen fibril diameters in both the nontreated and SIS-treated MCLs were more homogenous with small collagen fibrils. Nevertheless, the average value of the collagen fibril diameters for the SIS-treated group was significantly larger than that for the nontreated group. In addition, larger collagen fibrils with diameters of up to 100 nm were formed near and around the fibroblasts in the SIS-treated group. It can thus be postulated that these larger fibrils could be formed because of the lower production of collagen type V. Longer-term studies are ongoing to see whether the trend will continue. Nevertheless, the fact that there was an increase in the collagen fibril diameters in the healing ligaments following the SIS treatment is encouraging.
The levels of collagen type V/ I ratios in the nontreated group were in the range of those previously obtained for the healing rabbit MCLs. 10 These consistent results indicate that overexpression of collagen type V is one of the characteristics of healing ligaments. When correlated to the uniformly small collagen fibrils found in this, as well as other studies, 20, 22 the important role of collagen type V in regulating the diameter of collagen fibrils is further substantiated. The mechanism could be as follows: when the amount of NH 2 -terminal domains of type V collagen exposing on the fibril surface reaches a certain concentration, the accretion of collagen on the fibril surface becomes less favorable than does the initiation of new fibrils. This process would generate relatively small fibrils during the rapid regeneration of fibers. 10, 23, [25] [26] [27] Our results further suggest that the use of SIS can reduce the expression of collagen type V by making the ratio of collagen V/I closer to normal values. This change in extracellular matrix composition helps to improve the mechanical properties of healing ligaments.
The limitation of the current animal model was the transected gap injury, which is different from clinical MCL injuries. However, this model was chosen for the purpose of having consistent injury in order to limit the experimental variables, i.e., a rupture model. 15 Furthermore, this study represents only one time point of MCL healing and longer-term studies are required.
Nevertheless, improvement in the morphological characteristics and biochemical properties of the healing MCL supports the positive findings on the mechanical properties of the healing ligament. These results form the basis for future investigations on the use of SIS as a biological scaffold to improve the results of healing ligament and tendons. Also, further studies on the mechanisms of how the healing tissue could sense the signals delivered by a bioscaffold and thus enhance its organization of extracellular matrix will be important in better understanding the healing response, as well as improving the application of tissue engineering.
